Advances in the field of ionic liquids have opened new applications beyond their traditional use as solvents into other fields especially healthcare. The broad chemical space, rich with structurally diverse ions, and coupled with the flexibility to form complementary ion pairs enables task-specific optimization at the molecular level to design ionic liquids for envisioned functions. Consequently, ionic liquids now are tailored as innovative solutions to address many problems in medicine. To date, ionic liquids have been designed to promote dissolution of poorly soluble drugs and disrupt physiological barriers to transport drugs to targeted sites. Also, their antimicrobial activity has been demonstrated and could be exploited to prevent and treat infectious diseases. Metal-containing ionic liquids have also been designed and offer unique features due to incorporation of metals.
| I N TR ODU C TI ON
Ionic liquids (ILs) have been a topic of scientific interest for over a century, 1 with one of the earliest reports dating back to 1914 on ethylammonium nitrate by Paul Walden. 2 It remains one of most active and exciting areas of research with over 7,000 contributions in 2017 alone.
The field has benefitted from several distinctive breakthroughs including the report of air-and water-stable imidazolium-based roomtemperature IL by Wilkes and Zaworotko in 1992, 3 which challenged previous concepts, and pushed the frontiers of application beyond catalysis, synthetic chemistry and electrochemistry to new landscapes. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Early advances were motivated to develop ILs as green, nonvolatile, nonflammable, and stable solvents, however, recent findings have broadened the field, redefining ILs as low melting salts (melting point <1008C) with an unlimited suite of tunable properties including toxicity, volatility, flammability, and instability. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] The erstwhile narrow perspective that views ILs as salts of quaternary ammonium, imidazolium, pyrrolidinium, pyridinium, or phosphonium cations 15, 18 has broadened as new cations including the bioinspired cholinium and guanidinium cations [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] as well as metal-containing cations [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] Application-driven investigations of ILs is a vibrant and rapidly growing research field with emerging frontiers in healthcare, especially drug delivery ( Figure 2 ). Because many drug candidates exhibit poor solubility profiles, a property that limits their bioavailability, eventually leading to clinical failure, it is expedient to pursue new strategies to solubilize and/or formulate them. An element of this pursuit is the exploration of ILs as drug delivery technologies. In perspective, ILs are liquid salts but with low melting points, typically below 1008C, and in some cases, form an exotic class of room-temperature solvents that can favorably solvate a wide range of compounds. 18 Such extraordinary solvating power enables ILs to dissolve many poorly soluble drugs, and ultimately enhances drug permeation through physiological barriers to boost therapeutic efficacy. 6, [8] [9] [10] 12, 56 Also, the innovative concept of active pharmaceutical ingredient ionic liquids (API-ILs) aims at pairing a pharmaceutically active cation and anion to design IL-based drugs that feature better solubility behavior enabling efficient permeation through various barriers to reach target cells. 6, 8, 10, 12 Meanwhile, empirical laboratory-scale results prove the potential of the IL strategy as a promising technology to eliminate several challenges including polymorphism that is associated with some solidstate drugs, and solubility-limited bioavailability of poorly soluble drugs. 6, 8, 10, 12 The ability of ILs to enhance the therapeutic efficacy of drugs is evident from various studies 6, 8, 10, 12 but clinical exploitation of this technology remains limited. Indeed, only a few API-ILs, for example the 1-(2-hydroxyethyl)pyrrolidinium salts of diclofenac sold as FLECTOR® patch in the United States, have entered the market. This review, therefore, aims to draw the attention of stakeholders in the field of drug delivery to the breakthroughs that unequivocally confirm ILs as technologies that improve the therapeutic efficacy of drugs. To encourage research into metal-containing ILs, we review this underexplored subfield and highlight an example of how the synergy between metal-and IL-specific properties enables biosensing application. The antimicrobial activity of ILs is well-demonstrated, and research in this area is continuing. Indeed, these salts are increasingly explored as antimicrobial, antifungal, and antiviral agents. 29 Here, we present several examples of ILs with excellent activity against infection-causing microorganisms. Further, we discuss the central question of toxicity, which must be addressed to translate these innovative materials into marketable healthcare technologies, and recommend future directions to circumvent these problems and expand IL research in healthcare. We are aware of many excellent recent reviews on the biomedical applications of ILs [5] [6] [7] [8] [9] [10] 12, 18 but the prolific research contributions in the field (over 7,000 publications and patents since January 2017) necessitates regular reviews and perspectives.
| Emerging opportunities in drug delivery
The flexibility to fine-tune the physicochemical properties of ILs provides effective solutions to many drug delivery challenges such as low and API-ILs.
| Enhancing cell membrane permeability
Drug delivery systems are critical determinants of a drug's efficacy and must be designed to protect the drug from undesirable metabolism, and to transport the drug to its target at a desirable rate. 57 However, various physiological hurdles exist that hinder the efficient transport of drugs. For instance, transdermal and topical drug delivery, promising alternatives to the oral and injection routes, remains challenged by the impervious stratum corneum (SC), which poses a formidable barrier to absorption of chemicals. Many technologies including chemical enhancers are, therefore, deployed to disrupt these barriers to ensure efficient drug transport. [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] ILs have attracted attention in this regard, and are now increasingly investigated as chemical enhancers to perturb cell membranes with the goal of improving transcellular and paracellular drug transport. 67 Indeed, computational models, as well as experimental data, prove the feasibility to enhance drug transport using ILs. For instance, molecular dynamics coupled with an empirical force field showed that the cationic head of the amphiphilic 1-octyl-3-methylimidazolium-based IL inserts into a model cell membrane, disrupting structural integrity to increase the membrane permeability of small polar molecules such as ammonia. 74 Empirical data confirmed that hydrophilic imidazolium-based ILs fluidize the cell membrane to create pathways for the diffusion of molecules. 75 Although these findings linked the IL-enhanced permeability of biological membranes with cytotoxicity, it is plausible to assume that these mechanisms should enable transport of drugs to target sites. Also, the ability of ILs to extract lipids from physiological structures such as the SC is now recognized. 30 Indeed, such lipid-targeted effects creates defects that enhance drug permeation. Physicochemical properties permitting, different IL-based enhancers operate in distinct mechanistic fashion to compromise structural and functional integrity of physiological barriers and enable efficient drug trafficking. Hydrophilicity, for instance, opens the tight junction to favor paracellular transport while hydrophobicity preferentially enables partitioning into the epithelial membrane to enhance transcellular transport. 72 Again, depending on concentration, polar enhancers preferentially interact and insert within the protein or lipid regions of the SC causing fluidization, whereas nonpolar enhancers mainly target the lipid regions to eliminate barriers, creating channels for the diffusion of molecules.
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As an alternative to aromatic pyridinium and imidazolium cations, 24 and, therefore, supports the hypothesis.
| Assisting dissolution of poorly soluble drugs
ILs feature excellent solvating power to assist the dissolution of sparingly soluble drugs, leading to improved absorption, and eventually better bioavailability. A classic example is the IL-assisted transdermal delivery of acyclovir, an antiviral drug with poor bioavailability (15-30%) due to poor solubility (0.05% wt) in water. 80, 81 Goto and coworkers tackled this challenge, increasing the solubility (>10%) by dissolving acyclovir in hydrophilic ILs with strong hydrogen bond acceptors such as dimethylimidazolium dimethylphosphate.
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Because the hydrophobic SC poses a barrier to the hydrophilic IL, Goto and coworkers obtained zero drug diffusion through the skin. However, they achieved diffusion by developing an IL-in-oil (IL/oil) microemulsion, in which the IL phase encapsulates acyclovir while the continuous oil phase permeates the hydrophobic barrier to deliver the cargo.
Franz-type diffusion cell experiments showed that the IL/oil microemulsion allows the delivery of acyclovir into Yucatan hairless pig skin. 80 Also, an IL-in-water (IL/water) microemulsion enhances the permeation of poorly water-soluble drugs as demonstrated with the ex vivo topical delivery of etodolac, a nonsteroidal anti-inflammatory drug, to rats.
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The IL/water microemulsion formulation permits the efficient transport of etodolac into the skin, resulting in a comparatively more effective therapeutic performance compared to formulations without ILs. In a recent development, the Goto group applied a 1-dodecyl-3-methylimidazolium-based IL to enhance the skin permeability of a solid-in-oil nanodispersion to deliver ovalbumin in vitro. therapeutic impact in a mouse model. 88 The API-IL approach alters the mechanism of action of lidocaine at the cellular level. Lidocaine docusate exerts an effect that is distinct from that of lidocaine on neuritic outgrowth in pheochromocytoma (PC12) cells. 88 Also, the API-IL approach was used to design ranitidine docusate, from ranitidine hydrochloride and sodium docusate. 88 The successful design of liquid ranitidine docusate eliminates polymorphism inherent in ranitidine.
The pioneering work of Rogers and coworkers on molecular engineering of approved pharmaceutically active molecules into API-ILs to access improved pharmacological fingerprints opens new opportunities in pharmaceutics. The ability to facilely obtain and characterize
ILs fosters the growing interest in the field as evidenced by the snowballing repository of API-ILs (Table 1) . Indeed, numerous successful explorations of the concept to enhance the property of approved drugs exists in the literature and are illustrated here within the context of selected examples. A classic example is the pairing of the cations-cholinium, tetrabutylphosphonium, tetrabutylammonium, or tetramethylhexadecylammonium-or anions-chloride or docusatewith the appropriate complementary acyclovir ion to achieve over two-order of magnitude enhancement in the aqueous solubility of acyclovir. 86 Compared with the parent acyclovir, the API-ILs derived from acyclovir anions exhibit better solubility in water with even the hydrophobic tetrabutylphosphonium counterion giving 200 times improvement in solubility. 86 Also, but to a lesser degree, pairing the acyclovir cation with a chloride or docusate anion gives API-ILs with a better aqueous solubility profile than the neutral acyclovir but no advantage over the sodium salt of acyclovir, whose solubility is superior to that of the docusate anion and comparable to the chloride anion. 86 The excellent solubility of the acyclovir API-IL is evident in simulated gastric and intestinal fluid, where the cholinium-based API-IL, for instance, is 650 times more soluble in the intestinal fluid than the parent drug. 86 Also, by coupling cholinium with pharmaceutically active anions, the Marrucho group advanced the physicochemical and pharmaceutical properties of the anions. 34, 90, 94 Specifically, API-ILs derived by combining cholinium with anions of nalidixic acid, niflumic acid, 4-aminosalicylic acid, pyrazinoic acid, or picolinic acid exhibit better solubility in water, gastric, and intestinal fluid. 34 Enhanced solubility is presumed to boost membrane permeability, increasing bioavailability and eventually therapeutic efficacy but could lead to over-dosage that is detrimental to critical cellular processes. However, the cholinium, nalidixic, niflumic, and pyrazinoic API-ILs feature similar cytotoxicity toward Caco-2 colon carcinoma cells and HepG2 hepatocellular carcinoma cells as the parent drugs despite the superior solubility of the API-ILs. 34 It may be imperative that a drug penetrates the cell membrane to perform its therapeutic functions. Several parameters, extrinsic and intrinsic to the drug, control the dynamics of cell membrane permeability with the hydrophobic/hydrophilic balance being a key intrinsic factor. 95 A rational design strategy offers the possibility to modulate the balance by an appropriate combination of an ionic drug with a complementary ion. Exemplarily, the Marrucho group tuned the hydrophobic/ hydrophilic balance of L-ampicillin by coupling its anion to ammonium, phosphonium, pyridinium, or imidazolium cations. 94 Compared to the parent drug and its sodium salt, the API-ILs featured high affinity for the cell membrane as revealed by their higher octanol-water partition coefficient, 94 a parameter that describes drugs' lipophilicity. 95 Indeed, lipophilicity is a determinant of how drugs partition into the lipid bilayer, and how they are distributed and metabolized in the body. 95 Marrucho and coworkers manipulated the hydrophobic/hydrophilic balance by molecularly engineering the polarity of the cationic head group to tune hydrophilicity. 94 Counterintuitively, the increased hydro- Recently, our group used the API-IL strategy to simultaneously tune physicochemical properties, skin permeability, absorption, and biocompatibility of small interfering RNA (siRNA) by pairing it with a benzyl dimethyl alkyl ammonium cation. 93 The strategy upgraded the hydrophobic/hydrophilic balance of the siRNA, transforming the hydrophilic neat siRNA to a lipophilic siRNA-based API-IL. Increased lipophilicity is expected to enhance skin permeability, and absorption of siRNA.
Indeed, Franz diffusion cells and confocal laser scanning microscope experiments unequivocally confirm enhancement of these properties.
To illustrate, upon transformation to API-IL, the percentage of siRNA delivered to the viable epidermis of pig skin increases from 2.06 6 0.15 to 9.85 6 2.64%, and internalization of siRNA by human adult epidermal keratinocytes (HEKa) improves. 93 Changing the octyl substituent on the benzyl dimethyl alkyl ammonium cationic component of the API-IL to tetradecyl enhances the percent delivery. Also, the nature of the alkyl group influences biocompatibility because replacing the octyl with a tetradecyl or stearyl group increases cytotoxicity toward HEKa.
Neat siRNA is more biocompatible to HEKa than the API-ILs, a finding that concurs with the established positive correlation of hydrophobicity with cytotoxicity. Nonetheless, the API-IL platforms more effectively treat skin diseases than the neat RNA, 93 which is an advantage. 
| Incorporating metals in ionic liquids to sense biomolecules
Incorporating a metal center into an organic molecule integrates the unique magnetic, photo-activity, and redox-activity of metals with the inherent stability and processibility of organic molecules. 96 Toward this direction, metal-containing ILs are emerging as counterparts of purely organic-based ILs with the intent of imparting new functions to liquid salts. [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] This development challenges the concept of ILs as organics salts as the realm opens to organometallic and coordination chemistry.
Progress in this emerging field is slow due to challenges inherent in the synthesis of organometallic and coordination compounds but is exciting and promising as some exotic properties such as magnetism and luminescence are attainable. Some reports on the synthesis of metalcontaining ILs exist in the literature, but knowledge about their applications is scarce. However, recently, Senthilkumar and coworkers reported a cobalt (Co)-containing salophen-type IL for the nonenzymatic sensing of glucose. 45 Glucose sensing forms an integral element in the management of diabetes mellitus, a metabolic disorder that kills 1.5 million people in 2012 worldwide because of elevated blood glucose level that causes life-threatening issues. 97 In contrast to enzymebased glucose sensors, the metal-based nonenzymatic technology is cheap, robust, and easy to fabricate, making it an attractive option in the quest for new glucose biosensors. 45 The ability to tune the redox ( Figure 6 ).
| Fighting microbial infections
Microbial infections continue to challenge scientific achievements, drain global resources, and threaten human survival. The global burden of infectious disease is worrying as revealed by the World Health Organization (WHO) 2017 health statistics that estimated 429,000 deaths from malaria, 1.1 million from HIV-related illnesses, 1.3 from hepatitis, and 1.4 million from tuberculosis in 2015. 98 The same year, 1.6 billion people sought treatment for neglected tropical diseases globally, another indicator of the enormous burden of microbial infections. 98 The prevalence of antimicrobial resistance worsens the already bleak scenario, stressing the need for an urgent action plan to tackle the menace of infectious diseases. Cholinium-based ILs are quaternary ammonium-based salts, and therefore, are expected to exhibit antimicrobial activity. Choliniumbased ILs are potent antimicrobial agents, acting against diverse microbial life forms including viruses, bacteria, fungi, and algae. Depending on the anion, microorganism, and substituent on the cationic head group, they could be more potent than well-recognized toxic compounds such as atrazine, benzene, and chloroform. 33 This is exemplified by the superior activity of cholinium dihydrogenocitrate over atrazine and benzene in inhibiting the bioluminescence of Vibrio fischeri. 33 Also, the activity of cholinium dihydrogenocitrate against this microorganism exceeds that of some imidazolium-, pyridinium-, and pyrrolidiniumbased ILs, stressing the importance of molecular structure on toxicity.
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A positive correlation between activity and anion hydrophobicity suggest permeation through the cell membrane is an important culprit in toxicity against V. fischeri. 33 Such a correlation is also evident in the activity of a series of cholinium alkanoates-based ILs against the fungi, Penicillium brevicompactum, P. glandicola, and P. corylophilum. 25 In the case of V. fischeri, the hydrophobicity of the substituent on the cationic head group as well as the presence of a polar functional group on the substituent is a less important determinant of activity, contradicting the established role of these parameters on toxicity. 33 A complete mechanistic framework for bioactivity of quaternary ammonium-based ILs, therefore, includes membrane disruption and permeation activated by a complex interplay of structural features including anion, substituent, and the cationic head group. Indeed, the nature of anion, cation, and substituent influences the degree of permeation.
A hydrophobic anion bolsters the activity of cholinium-based ILs against V. fischeri 33 but a hydrophilic anion such as an amino acidderived anion undermines activity against Escherichia coli, Staphylococcus aureus, Salmonella enteritidis, and Listeria monocytogenes. Apart from ILs derived from a quaternary ammonium cationic head group, other head groups exert excellent activity against microorganisms. Alkylimidazolium-and alkylpyridinium-based ILs are active against bacteria including E. coli, S. aureus, Bacillus subtilis, Pseudomonas fluorescens, and Saccharomyces cerevisiae with activity increasing with length of alkyl chain but unaffected by the nature of the anion. 101 Similarly, the activity of alkylimidazolium-based ILs against algae such as Scenedesmus obliquus and Chlorella ellipsoidea increases with the length of alkyl chain 102 whereas that against Scenedesmus vacuolatus decreases with the use of a dicationic head group. 103 The antimicrobial activity of ILs has been explored at the macromolecular level with poly(ionic liquid)s as well. Yan and coworkers reported poly(ionic liquid)-based membranes for antimicrobial wound dressings developed from quaternary ammonium, imidazolium, or pyrrolidinium, and in some cases, incorporated metals such as Zn, Cu, or
Fe into the poly(ionic liquid)s. [104] [105] [106] These polymeric ILs exhibit higher antibacterial activity against E. coli and S. aureus than the corresponding nonpolymeric ILs, and the presence of metal center enhances activity.
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| Toxicity of ionic liquids
To achieve clinical relevance and secure regulatory approval, the therapeutic benefit of a drug should significantly offset known risks. In contrast to organic solvents, ILs are typically nonvolatile and nonflammable, which led to the concept of "ILs as green chemicals."
Obviously, substituting a volatile organic solvent with a nonvolatile IL in a chemical or biochemical process decreases inhalation exposure, flammability hazard, and environmental pollution. Regardless, to categorize ILs, as a class, intrinsically safe and green is premature until a central element of toxicity, biocompatibility, has been established. It is, therefore, pertinent that researchers exploring ILs for biomedical applications establish the biocompatibility profiles.
Compelling empirical data prove the toxicity of many ILs toward diverse life forms, ranging from nucleic acids to multicellular organisms (Table 2) . Various in silico 74, 75, [113] [114] [115] [116] [117] as well as in vivo and in vitro (Table   2 ) studies have unraveled the intricacies and molecular origin of this toxicity and enriched our understanding of the critical parameters that control toxicity. Most studies examining toxicity employed in silico or in vitro approaches and a majority of the small number of in vivo studies uses nonmammalian animal models. Regardless of this limitation, it is now evident that toxicity is tunable and depends on the anion, cation, concentration, substituents, and the investigated biosystem. 13, [15] [16] [17] [18] 22 The effect of the cationic head group is complicated with a clear trend difficult to establish due to the structural diversity of ILs. Nonetheless, the cationic charge density influences the extent of toxicity as evidenced by the apparent difference in toxicity of tetrabutylphosphonium (Log IC 50 2.58-2.64 lM) and tetrabutylammonium (Log IC 50 2.25-2.35 lM) cationic head groups in inhibiting the activity of electric eel acetylcholinesterase. 118 Compared to nitrogen, the relatively larger atomic radius of phosphorus decreases the cationic charge density of the phosphonium head group, eventually weakening electrostatic interactions with endogenous anionic biomolecules. Of course, such interactions play a pivotal role in the toxicity of cationic bioactive molecules including ILs. 119 In principle, therefore, modulating the charge density via substitutions on the cationic head group may offer a strategy to tune the toxicity profiles of ILs. But in practice, it is complex due to the interplay of other critical parameters such as side chain polarity and lipophilicity, and nature of the anionic moiety in the overall toxicity profile.
Judicious selection of the substituents on the cationic head group tunes toxicity as apparent from the effect of the dimethylamino group on the toxicity of pyridinium-based ILs. 118 4-Dimethylaminopyridiniumbased IL is more toxic to acetylcholinesterase 118 and promyelotic leukemia rat cell line IPC-81 120 than its pyridinium congener. Perhaps, the electron-donating dimethylamino group at the para-position influences the electronic or solubility properties to tune the toxicity. Indeed, 4-dimethylaminopyridinium is more lipophilic than pyridinium due to the substituent effect. 120 The substituent can also interact with endogenous molecules to alter bioactivity. Such interaction may explain the lower inhibitory potential of alicyclic morpholinium cation on acetylcholinesterase compared to the aromatic cations including pyridinium, imidazolium, as well as alicyclic cations piperidinium, pyrollidinium. 118 The ethereal oxygen in the comparatively less lipophilic morpholinium cation can hydrogen bond with endogenous water molecules, a phenomenon that will likely decrease interaction with endogenous hydrophobic moieties. With a more bioactive cationic head group such as 4-dimethylaminopyridinium or quinolinium, toxicity depends on the cationic head group with negligible contribution from the side chain in contrast to less active groups such as imidazolium and pyridinium, where the side chain strongly modulates toxicity. 118 Exemplarily, the toxicity of imidazolium, pyridinium, piperidinium, pyrollidinium, and morpholinium on the promyelotic leukemia rat cell line IPC-81 is noticeably similar, suggesting lesser influence of the cationic head group. 120 Also, the degree of branching of the substituent on the cationic head is pivotal to the extent of toxicity, but this effect operates differently in an aromatic and nonaromatic head group. Kurnia et al., for example, found that branching of the substituent decreases the toxicity of aromatic imidazolium and pyridinium-based ILs toward V. fisheri but increases the toxicity of nonaromatic pyrrolidinium and piperidinium-based ILs. 111 The solubility of the aromatic imidazolium and pyridinium-based ILs in water contributes to their toxicity toward V. fisheri since the EC 50 values increase with aqueous solubility, a finding that agreed with the heuristic rule that hydrophobicity increases toxicity. 111 But the rule is broken with the nonaromatic pyrrolidinium and piperidinium-derived ILs, which lack a trend between EC 50 and solubility, suggesting that factors outside hydrophobicity govern toxicity of this series. Galleria mellonella.
In vivo study suggested dependence of toxicity on length of alkyl chain.
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Nucleic acid: Calf thymus DNA.
In vitro study showed helical conformation remains intact. In vitro tests showed toxicity to all test organisms and in some cases more toxicity than common solvents such as benzene, chloroform, methanol. In vitro tests reveal no toxic effects. In vitro studies showed toxicity to test organism. Branching increases toxicity. In vivo and in vitro studies indicated less toxic than monocationic ILs.
(Continues)
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The need for benign ILs inspires the exploration of biomolecules like cholinium as cationic head groups. In some cases, the toxicity of bioinspired cholinium-based ILs against many life forms is lower than that of the conventional ILs, for example imidazolium and pyridiniumbased ILs (Table 3 ). The lowest concentration of a cholinium-based IL that inhibits the visible growth of E. coli, S. Enteritidis, L. monocytogenes, and S. aureus as well as inhibit the activity of acetylcholinesterase is an order of magnitude higher than that of an imidazolium-based IL. 32 Also, the low toxicity of cholinium-based ILs is evident in the marginal changes they induce in the conformation of calf thymus DNA via weak interaction with the biomolecules, predominantly by electrostatic interaction through the grooves but with minor hydrophobic interactions. Morpholinium-based ILs, assumed to be relatively less toxic than imidazolium-based ILs, exhibit a similar DNA binding mode as the cholinium class, using the nonplanar cationic head group to electrostatically bind to the minor groove of calf thymus DNA without disrupting the structural integrity of the DNA. 109 It may be plausible to regard this series of ILs as benign to DNA since they weakly interact with DNA, albeit their strong affinity for DNA nucleobases, adenine, thymine, guanine, and cytosine, suggests otherwise. 39 Our group investigated the biocompatibility of a cholinium-based IL, CAGE, toward a primary adult keratinocyte cell line and found it more benign than the precursors, choline, and geranic acid. As CAGE induces marginal irritation, it is logical to assume that it evades these mechanistic pathways, especially that involving the production of IL-1a. Regardless, CAGE biocompatibility is selective, being toxic to a wide range of microorganisms including fungi, viruses, and bacteria but relatively benign to a human epidermal keratinocytes cell line. The benign behavior of CAGE was attributed to ion-pairing between the cationic choline and the anionic geranate, a phenomenon that shield the ions from interacting with and disrupting keratinocyte membrane to provoke irritation. 29 A recent study from our group confirms that CAGE extracts lipids from the SC as revealed by FTIR data where the integrated peak areas of the CH 2 asymmetric and symmetric stretching of SC lipid at 2,920 and 2,850 cm 21 decrease after incubation with CAGE. 30 The findings suggest that ILs, such as CAGE, are promising biocompatible technologies to enhance transdermal drug delivery.
The concept of a generically benign cholinium-based IL is speculative as toxicity depends, as with other ILs, on the nature of anion, side chain, and biosystem. Indeed, depending on the anion and the biosystem, some cholinium-based ILs could be toxic (Table 3) . 31 The IC 50 ). 33 Also, an in vivo study showed that choliniumbased deep eutectic solvents are more toxic than their constituent compounds to ICR mice. 124 This study revealed that the molar ratio of the constituents is central to the toxicity since a 1:2 mixture of choline chloride and urea is less toxic than the 1:3 mixture. 124 Taken together, the toxicity of ILs depends on a complex interplay of structural features, concentration, and the investigated biosystem and so, through rational control of these parameters, it is feasible to design biocompatible ILs.
| C ONC LUSI ON A ND R EC OM M EN DA TI ON S
The objective of this review is to summarize and further motivate bio- promising technology to address many challenges such as drug bioavailability, control of infectious diseases, and biosensing in the biomedical field. We envision that the emerging field of metal-containing ILs could provide new opportunities, for instance in bioimaging given the optical, magnetic, and radioactive properties of metals.
Depending on concentration and structural features, the toxicity profile of ILs may vary, but by rational design, the toxicity can be mitigated. This understanding, albeit encouraging, is over-simplified given that toxicity also depends on the biosystem, which typically co-exists with other life forms in an ecosystem. Hence, it is crucial that susceptibility of the diverse life forms in an ecosystem be considered during the design stage and investigated in vivo using mammalian models.
Toward this, we recommend designing ILs with target specificity, as LITERATURE CITED
